One closed uncontrolled landfi ll, the Neihu garbage dump, and one active controlled landfi ll, the Sanzhuku sanitary landfi ll, were selected for investigation of their leachate characteristics and effects on adjacent river water quality before and after rainfall in northern Taiwan. A total of seven samplings were made during February and June 2007, with four samplings done after individual rainfall events on study sites. Water quality of runoff samples collected from the Sanzhuku sanitary landfi ll showed less pollution than the water quality of leachates collected from the Neihu garbage dump; however, some water quality levels of leachate samples collected from the Neihu garbage dump were relatively high, such as ammonia nitrogen (NH 3 -N), orthophosphate (PO 4 3-) and biochemical oxygen demand (BOD 5 ). At the uncontrolled dump, rainfall lead to dilution effects on river water NH 3 -N and PO 4 3-concentrations, but not other water quality parameters. In contrast, the concentrations of bisphenol A (BPA) and nonylphenol were increased in both types of landfi lls after rainfall in the present study. Dilution effects of rainfall on most water quality parameters and toxicity tests were observed in the Neihu garbage dump leachates after rainfall, but not for the Sanzhuku Landfi ll runoff. The highest concentration of BPA measured in this study was 25.8 μg·L -1 in the Sanzhuku sanitary landfi ll runoff after the heaviest rainfall event, during which 236 mm of rainfall accumulated over four days. The results of this study suggest that both uncontrolled and controlled landfi ll leachates can be an important potential pollution source of BPA to adjacent water bodies.
Introduction
Landfi lls are intended to store disposed waste indefi nitely, but they can cause potential damage to the adjacent environment. For example, uncontrolled garbage dumps are commonly found in many developing countries and can directly and continuously contaminate adjacent water bodies even after landfi ll closure. Unfortunately, the information and monitoring records are insuffi cient regarding the quantity and quality of leachates produced from older uncontrolled garbage dumps. In addition, many modern controlled landfi lls apply sanitary technology to help dispose of wastes, such as leachate collection and treatment systems to eliminate water contamination; however, there are still potential risks to the adjacent environment from contaminants in landfi ll leachates caused by bad practices in design, construction, or operation, as well as bad weather.
Landfi ll leachates can contaminate nearby surface water and groundwater by discharging different pollutants such as nutrient salts, organic matter, heavy metals, and xenobiotic organic compounds. Supporting this, there is extensive published information regarding surface water quality from pollution by landfi ll leachates (Chu et al. 1994; Rhyner et al. 1995; Landreth and Rebers 1996; Stuart and Klinck 1998) . Endocrine disrupting chemicals (EDCs) are an increasingly important problem in water pollution, though the literature contains less information on the impact of landfi ll leachates on this issue. Bisphenol A (BPA), a common ingredient of household plastic products, has recently been identifi ed from landfi ll leachates in temperate climates (Paxéus 2000; Behnisch et al. 2001; Yamamoto et al. 2001; Kjeldsen et al. 2002; Kawagoshi et al. 2003; Wintgens et al. 2003; Asakura et al. 2004 ). There have not been any investigations on EDCs from landfi ll leachates in tropical or subtropical climates, such as Taiwan. The proportion of plastics in Taiwan's waste is very large, accounting for about 18 to 28% of the waste in the last decade (Taiwan EPA 2002) , but there has been little investigation of EDCs released from plastic waste in Taiwan compared with other drier or colder areas. It is important to assess whether EDCs are being released from landfi lls into the aquatic environment in tropical or subtropical climates.
Of the various factors infl uencing degradation and decomposition of landfi ll wastes, the moisture content, including water contained within waste and water that enters the landfi ll, is the most important factor to enhance the rate and extent of waste degradation (Stuart and Klinck 1998) . The moisture content of waste is primarily dependent upon the amount of rain falling into the landfi ll and the water content of wastes. Rainfall not only can increase the moisture content of wastes, but can also enhance the amount of leachates and speed up the rate of waste movement. For example, it was found that concentrations for almost all water quality parameters of uncontrolled landfi ll leachates appeared higher after rainfall or in the wet season in both India and Nigeria (Aluko et al. 2003; Zafar and Alappat 2004) . On the other hand, dilution or no apparent effect on some leachates and/or adjacent water quality of landfi lls was also observed after rainfall or in the wet season (Chen 1996; Urase and Miyashita 2003; Zafar and Alappat 2004; Mbuligwe and Kaseva 2005; Fan et al. 2006) . As seen from the above, there is still confl icting evidence concerning effects of rainfall on leachates and adjacent water quality.
This study investigated effects of rainfall on leachate characteristics and adjacent water quality of two types of landfi lls in a subtropical climate, and also compared the present results of leachate characteristics from an aged dump with other landfi lls from different climatic conditions reported in literature. The characteristics of leachates from the Neihu garbage dump could provide information on leachate characteristics of an aged uncontrolled landfi ll in a subtropical climate with mean annual rainfall of 2,326 mm. The comparison of EDC concentrations and adjacent river water quality from pre and postrainfall samples can help to better understand the potential impacts on the aquatic environment from these two types of landfi lls.
Materials and Methods

Study Sites and Sample Collection
The Neihu garbage dump received municipal solid waste from 1968 to 1985, and the leachates that originate from this dump range from 22 to 39 years old. The Sanzhuku sanitary landfi ll has been in operation since 1994, and is scheduled to be closed in 2010. It receives mainly municipal solid waste and general industrial waste, and also recently started to receive incineration ash. Both landfi lls are located in the Keelung River watershed (Fig.  1) . The Neihu garbage dump covers 150,000 m 2 (one third intruding into a natural watercourse) with a total capacity of 3,130,000 m 3 , and is located near the Keelung River bank. The Sanzhuku sanitary landfi ll covers about 300,000 m 2 with a total capacity of 6,170,000 m 3 (Taipei City Government 2007). Its leachate collection system transports the leachates through the Taipei sewer system after preliminary processing, and then discharges into the sea off northwestern Taiwan.
The Neihu dump is located in the Taipei Basin which has a quaternary alluvium aquifer. The surface of the basin is mostly covered by riverbed sediments composed of coarse gravels with good water permeability. Groundwater can exchange freely with adjacent surface water. The leachate from this dump can directly or indirectly contaminate the Keelung River via different fl ow paths. The Sanzhuku landfi ll is on Late Miocene clastic sedimentary rock with coal-bearing formations. The surface of these deposits are covered by colluvium, and this layer may tend to slump as a result of earthquakes or elevated porewater pressure after damage by leachate collection equipment.
A total of seven samplings were made on site during February and June 2007, with four samplings done after individual rainfall events on the study sites (Table 1) . River water samples were collected at fi ve sampling sites in the Keelung River watershed from upstream to downstream (sites A-D), and from a tributary stream (site E) (Fig. 1) . In addition, leachate samples were collected from the Neihu garbage dump. Sites A and B are upstream of the Neihu garbage dump and are considered as reference sites unaffected by the Neihu garbage dump, whereas sites C and D are located downstream and are considered as sites affected by this dump. Site E, downstream of the Sanzhuku sanitary landfi ll, can be considered the pollution source of stormwater runoff from the landfi ll, which fl owed northward as surface water fl ow during large rain events.
Water grab samples were collected from approximately 30 cm below the water surface in precleaned amber glass bottles or plastic (PET, polyethylene terephthalate) bottles. For different water quality analyses, water samples were collected into bottles of different sizes and were handled according to procedures established by the appropriate methods (Ding and Wu 2000; Nollet 2000) . At each site, a 500-mL sample was collected for endocrine disruptor analysis (BPA and nonylphenol [NP] ), and 200-mL water samples were collected into amber glass bottles for ammonia nitrogen (NH 3 -N), orthophosphate (PO 4 3-), and copper (Cu) measurements. Water samples were then adjusted to pH <3.0 for endocrine disruptor analysis by hydrochloric acid (Ding and Wu 2000) and for Cu analysis by nitric acid. Three 600-ml water samples were collected in PET bottles for total solid (TS), biochemical oxygen demand (BOD 5 ), and acute toxicity tests. All the water samples were kept in a cooler (ice box) with ice during transportation and stored at 4°C before analysis.
Materials and Chemicals
BPA (purity 95+%) was purchased from Fluka (Steinheim, Germany), and NP (purity 94%) was from Riedel-de Haën (Sigma-Aldrich, Germany). Liquid chromatographygrade methanol was purchased from Mallinckrodt (Phillipsburg, U.S.A.). Deionized water was made by the NANO pure Diamond system (Barnstead, Dubuque, U.S.A.). Superclean ENVI-Carb solid phase extraction (SPE) tubes were obtained from Supelco (Bellefonte, U.S.A.) and the SPE-12G glass vacuum manifold was purchased from J. T. Baker (Phillipsburg, U.S.A.).
Water Quality Analyses
Temperature, pH, and electrical conductivity (EC) were measured in situ using a portable pH meter (TS-1, Suntex, Taiwan) and a YSI model 85 handheld system (Yellow Springs, U.S.A.). Concentrations of NH 3 -N, PO 4 3-, and Cu were measured in the lab by a Hach DR 2010 spectrophotometer according to the manufacturer's instructions (Hach, Loveland, U.S.A.). The BOD 5 was determined by a Hach BODTrak apparatus. TS was determined by drying 100-ml aliquots in an oven (Channel, Taiwan) with forced air circulation at 105°C until constant weight was attained.
Endocrine Disruptor Analyses
Water samples of 500 mL were extracted by ENVI-Carb SPE tubes (Supelco, 3 mL, 250 mg sorbent). SPE tubes were fi rst conditioned by injecting 20 ml of methanol and then 3 mL of distilled (DI) water, and then acidifi ed to pH 3 by hydrochloric acid. After passing through Nuclepore 0.45-μm fi lters (Whatman, Clifton, U.S.A.), each purifi ed sample was added into a SPE tube at a fl ow rate of about 5 mL·min -1 . After the whole volume of water had been added into the SPE tube, each SPE tube was washed with 5 mL of DI water and dried for 20 min. Then, four 1-mL aliquots of methanol were added into the SPE tube to elute the chemicals of interest, and the eluted samples were stored at 4°C until high pressure liquid chromatograph (HPLC) detection.
The Hitachi HPLC system consisted of a model L-7100 pump, a model L-7485 fl uorescence detector (Hitachi, Tokyo, Japan), a 4.6 by 150 mm column packed with Mightysil RP-18GP (Kanto, Tokyo, Japan), and a guard column (Kanto, Tokyo, Japan). The mobile phase for isocratic elution was 80% methanol and 20% DI water with 1% acetic acid. The separation column temperature was held constant in a Super CO-150 oven (Enshine, Taiwan) at 40°C. A 20-μL sample was injected into the HPLC system using a fl ow rate gradient method (0 to 30 min at a fl ow rate of 0.1 mL·min -1 ; 30 to 35 min at a fl ow rate of 0.1 to 1.5 mL·min ). The elute was monitored at an excitation wavelength of 230 nm and an emission wavelength of 302 nm (Patrolecco et al. 2004) . Calibration curves were generated from 0.02 to 0.14 mg·L -1 for BPA and from 0.2 to 1.6 mg·L -1 for NP. The detection limits of this method were 0.048 mg·L -1 for BPA and 0.28 mg·L -1 for NP, and the recoveries of extraction were 85.8% for BPA and 78.6% for NP.
Acute Toxicity Bioassay
Leachate samples from the Neihu garbage dump and river water samples collected from April to June of 2007 were also processed for acute toxicity testing within 18 hours of fi eld collection. Planaria (Dugesia japonica) are a common aquatic species in Taiwan that appears similar to Daphnia magna, a common ecotoxicity test species, in sensitivity to nonylphenol (Li 2008) and BPA (unpublished data) based on a 48-hour LC 50 . Seed germination and root elongation tests have been used as rapid and sensitive phytotoxicity tests to provide valuable toxicity information about chemicals, soils, or water samples (Wang et al. 2001) . Either planaria or lettuce tests were chosen to examine the acute toxicity of Keelung river water samples or landfi ll leachates.
Dugesia japonica test:
The acute toxicity testing method on planaria was a modifi ed version of that described in Li (2008) . Planaria (Dugesia japonica) were collected from Nanshi Stream located in Wulai, Taipei Prefecture, Taiwan in 2004. Then, the planaria were maintained in dechlorinated tap water at our laboratory. Organisms were fed raw chicken liver once a week. The culture medium was renewed after weekly feedings. Five animals (0.7 ± 0.1 cm) were kept in 50 ml of test solution in a temperature incubator at 25 ± 1°C with 12 hours of illumination. Each test consisted of four dilutions and a control group (dechlorinated tap water for controls) with four replicates for each water sample. Serial test dilutions were made at 100, 75, 50, and 25% for each water sample, except that the test dilution were 75, 50, 25, 10, and 1% for the Neihu garbage dump leachates. The animals were not fed and were inspected every 24 hours for mortality during the entire 48-hour experimental period. Organisms without detectable movement were considered dead and removed from the test solution.
Lactuca sativa test:
The seed germination and root elongation test was performed according to the Ecological Effects Test Guidelines OPPTS 850.4200 (U.S. EPA 1996) with slight modifi cations. Lettuce (Lactuca sativa) seeds were surface-sterilized with a 10% bleach solution for 10 minutes and rinsed three times with DI water before use in the toxicity bioassay. A total of fi ve lettuce seeds were placed on Whatman No. 1 fi lter paper containing 5 ml of test solution in a Petri dish. Each test consisted of four dilutions and a control group (dechlorinated tap water for controls) with three replicates for each water sample. Serial test dilutions were made at 100, 50, 25, and 12.5% for all water samples. After 120 hours of incubation in the dark at 25 ± 1°C, the root elongation of each seed was measured to within 1 mm.
Statistical Analysis
To examine the signifi cant difference in water quality parameters between upstream and downstream water samples, the Wilcoxon Sum-Rank test (p < 0.05), a nonparametric statistical method, was applied. In addition, river water quality data were divided into two parts, pre and postrainfall, and were examined by the Wilcoxon Sum-Rank test (p < 0.05, n = 6 and 8) by combining two upstream sites to compare with two downstream sites (A + B versus C + D) for all water quality parameters. The percentage of effl uents that were lethal to 50% of planarians (LC 50 ) for each water sample at 24 or 48 hours, and the percentage of effl uents that inhibited 50% of lettuce seed germination (EC 50 ) for each water sample after fi ve days, were calculated using trimmed SpearmanKarber analysis with a trimmed Spearman-Karber Program (version 1.5) obtained from the Environmental Monitoring Systems Laboratory (U.S. EPA, Cincinnati, Ohio). The NOEL (the highest levels producing no mortality signifi cantly different from the controls) were determined by Dunnett's multiple comparison procedure using the Minitab Statistical Program (version 13.2).
Results and Discussions
Characteristics of the Neihu Garbage Dump Leachates
The chemical characteristics of the Neihu leachates still showed relatively high levels of contamination (Table  2) . Among the different water quality parameters of the leachates measured, average concentrations of NH 3 -N, PO 4 3-, and BOD 5 were 1,560, 62, and 109% over the Taiwan EPA 2001 effl uent standards, respectively. As can be seen from Table 3 , the values of EC, NH 3 -N, and TS from the Neihu garbage dump leachates are lower than those measured in other landfi ll leachates under tropical or subtropical climate conditions. Higher ambient temperatures and higher average annual rainfall in this study area can enhance both aerobic and anaerobic microbes, thus leading to rapid stabilization of the Neihu garbage dump. Słomczyńska and Słomczyński (2004) indicated that the BOD 5 /NH 3 -N value of an aged landfi ll in Poland was below 2, while that of a young landfi ll was 24. The pH (8), BOD 5 (62.8 mg·L -1 ), and NH 3 -N (167 mg·L -1 ) of the Neihu garbage dump leachates observed in this study indicate that the Neihu garbage dump was in a stable phase of waste decomposition.
The comparison of leachate properties of the Neihu garbage dump pre and postrainfall shows a dilution effect in most water quality parameters except BOD 5 , BPA, and NP (Table 2) . Remarkably, the concentrations of BPA in the leachates increased approximately over 13-fold after rainfall, whereas the concentrations of NP in the leachates only increased 38% after rainfall. The different patterns of these two EDCs in the leachates may be partially explained by the difference in water solubility between BPA and NP: i.e., 300 ± 5 mg·L -1 for BPA (Shareef et al. 2006 ) and 4.9 ± 0.4 mg·L -1 (Brix et al. 2001) . The other possible factor affecting the levels of BPA and NP would be the types of waste in the landfi lls. For example, waste plastics might be an important source for BPA, but not for NP, found in landfi ll leachates (Yamamoto et al. 2001 ). On the other hand, paper waste is an important source for both BPA and NP in landfi ll leachates (Gehring et al. 2003) . In Taiwan, the large amount of plastic products used may also partially explain why the concentrations of BPA in leachates are higher than those of NP in this study.
BPA and NP concentrations in the Neihu leachates were lower than those of old landfi lls from Sweden, Denmark, and Japan (Table 4) . This might be due to BPA being washed out faster in hot and humid climates than in a cold climates. Furthermore, BPA concentrations in the Neihu garbage dump leachates were much lower than those in the controlled landfi ll leachates of Japan (Table 4 ). The wide variation in BPA concentrations of different landfi ll leachates might be due to the age of the landfi ll and characteristics of landfi ll wastes.
Characteristics of Nearby River Water Quality
The Wilcoxon Sum-Rank test shows no signifi cant difference in river water quality between sampling sites upstream and downstream of the Neihu garbage dump (Table 5 ). There was also no signifi cant difference in most water quality parameters between upstream reference sites and downstream sites before or after rainfall, except that there were signifi cant dilution effects for concentrations of NH 3 -N and PO 4 3-at both up and downstream sites after rainfall (Table 5 ). Due to the lack of hydrological data, it was not possible to accurately estimate absolute amounts of contaminants transported in this study; however, average water levels were about 0.7 m before rainfall and about 1.4 m after rainfall during our sampling periods (Table 1) . If water levels were used to estimate relative amounts of contamination transported in the Keelung River, similar levels of relative amounts of NH 3 -N and PO 4 3-were obtained from the river water samples before and after rainfalls. Ding and Wu (2000) found that NP and BPA concentrations of fi ve major Taiwan rivers were between 0.5 to 2.4 μg·L -1 and 0.05 to 0.3 μg·L -1 , respectively. Therefore, both NP and BPA concentrations of the Keelung River nearby the Neihu garbage dump were still within the background ranges of NP and BPA that are commonly found in river waters of Taiwan.
Characteristics of the Sanzhuku Landfi ll Runoff
The chemical characteristics of the Sanzhuku landfi ll runoff are shown in Table 6 . As can be seen, none of the water qualities measured during our study period exceeded the Taiwan EPA (2001) effl uent standards. The comparison of water properties of runoff of the Sanzhuku landfi ll before and after rainfall also shows dilution effects in most water quality parameters after rainfall, except for TS, BPA, and NP (Table 6 ). The pattern of change in effect of rainfall on water quality of runoff collected downstream of the Sanzhuku sanitary landfi ll is similar to that of the Neihu garbage dump leachates. The concentrations of BPA in the Sanzhuku landfi ll runoff increased by approximately 16-fold after rainfall, whereas the concentrations of NP in the Sanzhuku landfi ll runoff increased only 142% after rainfall.
The highest concentration of BPA measured in this study was 25.8 μg·L -1 in the Sanzhuku sanitary landfi ll runoff after the heaviest rainfall event that occurred on June 6, 2007, with 236 mm rainfall accumulated within four days. This suggests that heavy rainfall can cause an overload of the leachate collection system in the Sanzhuku sanitary landfi ll, thus increasing BPA concentrations in the landfi ll leachate runoff. Interestingly, the average BPA concentration of the Sanzhuku landfi ll runoff was higher than that of the Neihu garbage dump leachates in this study. The low stream fl ow of Sanzhuku Stream, a small tributary of the Keelung River, may partially explain why the BPA concentrations of Sanzhuku Stream were higher than those of Keelung River in this study. Furthermore, this result also suggests that a controlled landfi ll is still a potential pollution source of endocrine disruptors to adjacent water bodies.
Toxicity of the Neihu Garbage Dump Leachates
Toxic effects on lettuce seeds and planaria were higher in samples collected before rainfall than those after rainfall in the Neihu garbage dump leachates (Table 7) . In fact, the 24 and 48 hour values of LC 50 for planaria exposed to prerainfall Neihu garbage dump leachates were all below 5%, whereas the 24 and 48 hour values of LC 50 for planaria exposed to the postrainfall Neihu garbage dump leachates were mostly above 10%, except for the samples collected on April 5, 2007. Again, toxicity of lettuce seed germination and root elongation were usually higher in samples collected before rainfall than those collected after rainfall in the Neihu garbage dump leachates (Table  7 ). This suggests a dilution effect on the toxicity of the Neihu garbage dump leachates after a rainfall.
Toxicity of Nearby River Water Samples
There was no mortality observed in planaria exposed to river water samples collected upstream from the Neihu garbage dump sites at all times; however, there was some mortality in planaria exposed to river water samples collected downstream from the Neihu garbage dump sites during postrainfall periods but not in prerainfall ones. After rainfall, the lowest observable effect levels of river samples were estimated to be <25% and 75% of the river water samples collected on 5 April and 7 June 2007, respectively. The toxicity of river water collected downstream from the Neihu garbage dump sites was low, and the LC 50 values of these samples were greater than 100% of the water samples. This result may still indicate some enhanced effects on toxicity of river water collected downstream from the dump after rainfall. No toxicity on lettuce seed germination or root elongation was observed in leachates from either upstream or downstream of the Neihu garbage dump sites. The rates of seed germination and root elongation were greater than 90% of the control for all river water samples.
Toxicity of the Sanzhuku Landfi ll Runoff
There was no mortality observed in planaria exposed to water samples collected downstream from the Sanzhuku Landfi ll during our study period, although the LC 50 values were less than 25% of the water samples collected on April 5, 2007 . No other mortalities were observed in planaria exposed to other water samples collected after rainfall. The rates of seed germination and root elongation were greater than 80% of the control for all samples collected from the Sanzhuku Landfi ll before and after rainfall. Rainfall effect on the toxicity of the Sanzhuku Landfi ll runoff was not clear and no signifi cant effects were observed in either of the planaria and lettuce tests.
Conclusions
In Taiwan, municipal wastes before 1984 were randomly dumped and buried at different locations without proper waste treatment or disposal facilities. These garbage dumps still exist in many places along riversides and they can be a potential threat to public health and the environment. In this study, some pollutant levels in leachate samples collected from the Neihu garbage dump were relatively high, such as NH 3 -N, PO 4 3-, and BOD 5 . Although we found no apparent changes in most water quality parameters of river water collected from downstream of the Neihu garbage dump, dump leachates may still contaminate water resources via groundwater contamination.
Effects of rainfall on river water quality from this uncontrolled aged dump show dilution effects for the concentrations of NH 3 -N and PO 4 3-, but not for the total amounts of NH 3 -N and PO 4 3-, whereas there were no clear effects of rainfall on acute toxicity of river water samples collected from these two landfi lls. The concentrations of BPA in the Sanzhuku landfi ll runoff and in the Neihu garbage dump leachates increased over 16-fold and 13-fold after rainfall, respectively. It is especially signifi cant that the Shanzhuku sanitary landfi ll with a leachate collection system can have relatively high levels of BPA in its runoff after rainfall events. This suggests a potential increase of EDCs entering the surface water from a nearby landfi ll during storm events.
The Taiwan EPA plans to remove the Neihu garbage dump in 2010 and conduct a revegetation and rehabilitation project on the Shanzhuku sanitary landfi ll after its closure at the end of 2010. Our results suggest that both uncontrolled and controlled landfi ll leachates can be potential pollution sources of BPA to adjacent water bodies. For example, the average BPA concentrations of the sanitary landfi ll runoff were higher than those of the uncontrolled dump leachates in this study. This suggests sanitary landfi lls can be a potential pollution source of EDCs, and current environmental inspection of former or current sanitary landfi ll leachates should also include EDC analyses when conducting water quality monitoring. Furthermore, the behaviour of different classes of EDCs in landfi ll leachates and their potential ecological impacts on aquatic environments merit further investigation with regard to both waste characteristics of landfi lls and weather condition.
